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A 35' SWEPT-WING FI- 

By George E. Cooper and Robert  C .  Innis  

SUMMARY 

This  report   presents  results of  evaluation  flights of F-86 series 
a i r c r a f t  equipped  with two types of boundary-layer control   d i f fer ing 

one case, application of boundary-layer control  to  the  ufng  leading edge 
increased maximum l i f t   c o e f f i c i e n t  C h  s igni f icant ly  by deLaJrlng s ta l l  

contrast ,   application of boundary-layer control   to   the  t ra i l ing-edge flaps 
increased the f l a p  l i f t  increment a t  a t t i tudes  below &, but  resulted 
i n  only a small increase i n  C h a x .  

- signif icant ly   with  regard  to   the  type of lif% increment  produced. In  

" t o  higher  angles,  but  provided no change %n lift at a given  attftude. In 

The report  presents  the comments of I6 APc Force, Navy, contractor, 
and NACA p i lo t s  as t o  the reason8  for t h e e  choice of minimum, comfort- 
able approach  speed on the  several  configurations  tested. These p i lo t s '  
opinions are analyzed i n  r e l a t ion   t o   t he   cha rac t e r i s t i c s  of the  airplanes 
i n  an attempt to   i so l a t e   t he  aerodynamic fac tors  of pr- importance in 
establishing landing-approach  speeds. 

1 

A 

Application of boundary-layer control t o  airplanes has indicated 
tha t  two types of  lift increment may be  obtained. As indicated in ref- 
erence 1, application -of boundary-layer control t o  the  leading edge of 
a swept w i n g  increased C h  s ign i f icant ly  by del- stall t o  higher' 
angles', but  provided no change in the l i f t  a t  a given  att i tude.  In  
cont ras t ,   appl ica t im of boundmy-layer control to  the  trail ing-edge 
f laps  of the same wing increased the f l a p  Lift increment a t  a t t i t udes  
below C b a x ,  but  resulted in only a r e l a t ive ly  mall increase in C b .  
(See ref. 2.) 
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I n  order to   obtain some f l i g h t  experience  with  these two types of 
boundary-layer  control, two F-86 airplanes were  modified: One airplane 
(an F-8hF) was equipped  with  porous  suction  boundary-layer  control along 
the wing leading edge. The other airplane (an F-&A-5) was equipped with 
trailing-edge  flape having p.orous: sucti-w-  boundary-layer  control near the 
flap  leading edge.  Evaluation f l i g h t s  a n ,  these  airplanes were flown by- 
16 A i r  Force, Wavy, contractor, and MACA pilots ,  and the  effects  of these 
applications of boundary-layer  control on the  f l ight   character is t ics  of 
these  airplanes were determined. -The speeific  results  dealing  with l i f t  
increments  obtained,  flow  requirements, and inStall&tiOn  details  have 
been reported in references 3 and"4. It i s  the,.purpose .of  this report  
t o  examine-the  relationship between the  pi lots '  opinions of the  several  
configurations flown and the i r  choice of m i n i m u m ,  comfortable landing- 
approach  apeed. 
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. 

VS calibrated  stalling  airspeed,  knots 

V G ~  calibrated  airspeed.corresponding  to maximum l i f t   c o e f f i c i e n t ,  
h o t s  

wing loading  for  approach  conditfon (1000 1% of f u e l  remaining) 
. .  

a angle of at tack of fuselage  reference Line 

DESCRrpTION OF TEST AIKpLAFaES 

Tmee s l igh t ly   d i f fe ren t .  models of the ~ - 8 6  airplane were used 
t h i s  program. The first, a &andard F-86A-i,  shown i n  figure I, was 
equipped wfth leading-edge slats and 380 slotted f laps ,  and was flown by 
most of the eva1uat-g p i l o t s  t o  provLde a baeis   for  more d i r ec t  compar- 
ison between the  standard  airplane and those  equipped  with boundary- 
layer  control.  Unfortunately,  this model had several   undesirable  features 
that were not representative of the s t a n b r d  F46.A-5 and later versions. 
These included: a diffe-rent  leading-edge slat which provided a greater 
Cr, but  really  did  not  provide a correspondihg  decrease  in  usable 
s t a E i n g  speed  because of an undesirable  pitch-up preced-lng the  stall; 
a pilot ' s   a i rspeed  indicator  which was unreliable below approximately 
102 b o t s ;  and qxceseive f r ic t ion   in   the   longi tudina l   cont ro l  system. 

The second airplane wa8 an F a - 5  mdel ,  a photograph of which is  
included  as figure 2. Suction for t he   f l ap  boundary-layer m n t r o l  wa8 
obtained from a aimpk  ejector pump (mounted  below the  fuselage)   ut i l iz ing 
air bled f r o m  the twelfth stage of' the  jet-englne compresear. Suction 
was controlled by a switch in the  cockpit which actuated a shutoff  valve 
i n  the bleed line. This airplane w a s  very sfmilar t o   t h e  first i n  t h a t  
both w e r e  equipped  with power-boosted ailerons and elevator  ControIs,  but 
d i f fe red  in  that t h e   f l a p   d e f k c t i o n  was increased  to 55O and porous area 
suction w a s  applied near  the f l a p  leading edge. In addition,  the  leading- 
edge slats were replaced  by cambered leading edges (refs. 5 and 6) 
equipped  with 0.20~ wrap-around fences (0.05~ height) a t  the 63-percent 
span locati?. Thfs combination gave approximately the same stall epeed 
as the normal airplane with slats and 3 8 O - f h p 8 .  

Upon completion of the  evaluation of the  second airplane, improved 
flap l i f t  c lwracter ia t ics  were obtained by r e fa i r ing   t he   f l ap fuse l age  
junction and changing t o  a porous material having  graded  porosity. In 
addition, a diffuser  was added t o  the  e jector  pump which increased  the 
speed  range  over which full f l ap   L i f t  fncrement w a s  real ized for a 64O 
f l a p  deflection. This configuration may be  seen in figure 3. Several 
wing flap and wing leadingedge combinations were investigated after 
these changes were d e .  These included  th& 55O f l a p  w3th the wing 
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leading edge cambered and no fence, 550 flap  with  the wing leading-edge 
slat, 64O flap  with  the wing leading edge. cambered plus a fence, and 
64O flap  with  the tting leading-edge slat. L 

The third  airplane,  shown in   f igure  4, was an F"86F mdel OA which 
the  leading-edge slats were replaced by leading edges of the same prof i le  
containing  a porous s t r i p  extending over essent ia l ly   the complete  span 
and through which the boundary-layer air m a  drawn. Suction for the 
leading-edge  boundary-layer  control was obtained frm a  modified  turbo- 
supercharger mounted beneath  the  fuselage and driven by a i r  bled from 
the  twelfth stage of the  jet-engine compressor.  Besides  a switch for 
actuating a shutoff  valve i n  the suctfolz l ine,  t h e  cockpit  controle 
included  buttons on the   cont ro l   s t ick   to  inmeaee and decrease rpm, which 
modulated the  bleed air to  the  turbo  mdhence  controlled  the turbo rpm 
and  amount of suction. A more complete description of this porous area- 
suction  lnstallation may be found in  reference 3.  I n  contrast  t o  the 
F-86A model, this   a i rplane (F-86F) incorporated  irreversible  pmer- 
operated  ailerons and linked  elevator and s tab i l izer   ( f ly ing  ta i l )  , each 
wi th   a r t i f i c i a l   f ee l .  The major e f fec t  of these two different  control 
systems was that ,   wi th   the  la t ter  one, the maneuvering control  furces 
were considerably  higher in  the landing-approach  speed range than wfth 
e i ther  of the F-86A airplines.  With the   a r t i f i c i a l - f ee l  system, posit ive 
longitudinal  st ick-free  stabil i ty was preient  throughout  the approach, 
whereas on both F-86A airplanes  the  st ick-free  stabil i ty w a ~  essentiallly ? 

neutral  at approach  speeds. 

The i n i t i a l  phase of the  investigation -was-_Qo-% by a...total of 16 .- 

Afr  Force, navy, contractor,. and N A C A - p i l o t s .  Each p i l o t  flew at least 
one f l i g h t  i n  each of the  airplanes  with  boundary-layer  control, and 
several p i l o t s  made two or  three  f l ights  per  airplane.  Most of the   p i lo t s  
a l so  f l e w  one f l i g h t  i n  the  standard F-86~-1 equipped with 3 8 O  f laps  and 
leading-edge slats. Each p i lo t  was requested  to  furnish  the  following 
information 011 each different  configuration flown: stall  speed, stall 
character is t ics  and opinian of stall, the minimum comfortable  approach 
speed a t  landing  weightJ1 and the  primary  reasons fo r  choosing that p a r - .  
t i cu l a r  approach  speed.  (These data are summarized in table  I for each 
p i lo t . )  The Navy and NACA p i lo t s  made their evaluation  based on the 
requirements  for a cazrier approach and landing. For t h i s  purpose, f f e l d  
carrier  landings were made with most of the  configuratfons at Crows Land- 
ing A u x i l i a r y  Landing Field  with  the  aid of a Navy Landing S i s a l  Offfcer. 
The Air Force pilots, ik general, made"36Gu -overhead, pa r t f a l  power, ' 
sinkfng-type  approaches, which s t a t e d  at approximately 1,000 f e e t  alti- 
tude  over the touchdown pofnt. 

1000 pounds of fue l . remain in~.  

"" " 

lLanding  weight as used  herein is defined as the_.@;Eom-- weight  with 
" . . ". " 

n. .. 



While the  carrier  type of approach may be defined by a single 
approach  speed, it was noted  that  with  the sfnking approach a t  least 
three  different.  speeds a t  d i f fe ren t  points fn the  pattern were considered 
necessary by most p i l o t s   t o  define adequately  any  given  approach. These 
are: the  speed when turning onto final approach, the  speed "over the 
fence"  (which  generally  coincides  with  the  point at which the pilot   begins 
h i s  round out), and the  touchdown speed. For  reasons of simplicity and 
comparison i n  those cas'ea where three speeds w e r e  given, only the  over- 

carrier-approach  speed. 

L 

- the-fence speed has been used as it was found t o  be more s imilar   to   the 

A later phase of the  investigation comprised field carrier lmding- 
evaluat ion  f l ights  of  the  suction-flap  airplane  with the improvements 
(fig. 3) and several  leading&dge  cmbinatfone, This phase of the  eval- 
uation waa conducted by the  four NACA research  pi lots  who also took p a r t  
in the Fnitial evaluation. 

It is  noted in tab le  1 that most p i lo t s  tended to report  approach 
speeds to   t he   nea res t  5 knots o r  i n  ranges of airspeed such as 105 t o  108 
knots.  This fact probably arises from pilot   re luctance to r e l y  on t_he 

the approach  speeds  given were average values  because of the  var ia t ian i n  
ufng loading, which normally changed about  10  percent  during  the  course 
of an evaluation flight. 

I airspeed  indicator  closer  than 2 t o  3 knots,;-aa w e l l  as the   fee l ing   tha t  

L 

In  the  calculation of  the measured s t a l l i n g  speeds and thrust- 
required  curves,  the  value of wing 10- uaed f o r  each  airplane w a s  
t ha t  corresponding t o  1000 pounds of f u e l  remaining. This is  given 
below for   each  teat   a i rplane.  

Standard  airplane 42.3 lb/sq ft 
Suction  f lap  airplane 42.6 lb/sq f t  
Suction  leadfng edge -lane 44.7 lb/sq f t  

The value of gross weight for which many of t h e   p i l o t s   r e p ? t e d  
a ~ l l i w  s p e w  was nnt a c c u r a t e l v : . k g p x n .  This f a c t o r   m d a b t e a l y  
contribueed t o  the eca t te r  in the   repor ted   s ta l l ing  speeds, as w e l l  a8 
to   the  differences between reported  stallfng  speeds and the  measured 
values  based on Cb,. For the standard  airplane, this discrepancy is 
further  aggravated by an  unreliable  but  large  error i n  indicated  airepeed 
elm about 102 h o t s .  Consequently; the measured value o r  8taJ-l speed 

$as been uses f o r  "all comparative 'h;;lrposes.. 

An airspeed  calibration was obtained in f l i g h t   f o r  a l l  three air- - planes covering their approach  speed  ranges t o  allow correlation between 
pilot-reported speeds on the  different airplanes aa w e l l  as t o  allow 
proper  correlation between speeds  reported by the p i l o t  and the  various 

r measured quantit ies.  



Recorded airepeed for a l l  three test airplanes was obtained ueing 
an ident ical  system.  This  consisted of an NACA swivel ing  pi tot   s ta t ic  
head mounted on t h e   t i p  of a 96-inch nose boom and may be Been i n  
figures 2 and 3 .  Also vis ib le  i n  these figures is the  offset   located 
neaz t h e   t i p  of the nose boom which contained a flow-angle vane fo r  meas- 

.- uring  angle of attac&.. For pi.~ot-oplni-o~.-~~~~s_.the . e t a $ m d   pilot^' 
airspeed mcT.fFStm system was used on both  the  standard ~ - 8 6 ~ - 1  and the 
F-86F equipped  with  leading-edge  boundary-layer  control. These system8 
comprised, for  the  standard F-%A-1, a total-pressure  source  located in 
the engine  duct and a stat ic-pressure  souce on the  side of the  fuselage, 
while f o r  the 1?-86~, both t o t a l  and s ta t ic   pressures  were obtained  from 
a p i t o t  static head located on the  right.wing-tip boom. For the  auction 
f lap  F-%A-5 airplane;  the  pilots'   air-speed  fndicator wae connected 
directly  to  the  swiveling head which had been used for the  recording 
system. 

Calibration of the  standard F - 8 6 A - 1 . d  the F-86F w a s  obtained by 
compwing the  pilotsf   indicated  airspeed.with  the-recorded  airepeed. 
Since on the F-86A-5 airplane,  the same- Pitot-static  source wis used f.6r 
both the pilote' indicated-and  recorded  airspeeds, only instrument  error 
would be expected. This was verif ied by pacing  with  the F-86F dovn t o  
95 h o t s  indicated  airspeed. A check.af , the s t w d a r d  ~ - 8 6 ~ 4  wab 8180. 
made i n   t h i s  manner down t o  lo5 b o t e .  A t  speeds below abo& 303 
this   a i rspeed system had a large error and  w+%seve~ely  affected by small 
pitch changes. 

,. - i - ." 

WFth the  exception of table I, which gives  pilot-reported stall and 
approach  speeds i n  terms cd the .pi lots '   indfcated  a i rspeed,   a l l   o ther  
airspeed  values are calibrated speeds and were obtained from pi lots '   indi-  
cated  speeds  ueing  the flight-determinet3.calibration curves of figure 5 .  

DATA REDUCTIDB . .... - .. - . .. . . .. 

The l i f t  and drag data were obtained in steady  f l ight  at constant 
values of engine r p m  corresponding t o  approach p a r e r  set t ings.  

The equations  used t o  determine  the. 1 i f t . c q e f f i c i e a t s  and drag 
coefficients are as follows: 

- I - -  

I 
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Tn the equations above, t h e   f i r s t  portion is for  the  accelerations 
on the  airplane,  while  the second portion i s  for the thrust force  acting 
on the  airplane and the  force caused by turning  the  afr  at the  Tnlets. 
The g r o s s  thrust-and  engine air flow were determined from measurements 
of the total pressure and temperature in the t a i l  p i p e  of the jet engine. 

I 

Measured stalling speeds were determined  using  the measured values 
of C h  with a correction f o r  t h p s t  based on the  thrust   required at 
the approach  &speed. 

Thrust-required  curves were determined a t  
configuration by the  following  relationship: 

Net thrust from the  englne  required fo r  

landing weight 

l e v e l   f l i g h t  = 

fo r  each 

D 
cos a 

RESULTS . 

In i t fa l   Inves t iga t ion  

The ef fec ts  of applying area suction t o  ei ther   the f l a p  or the wfng 
leading edge, in terms of U9t coefficient and angle of attack, m a y  be 
seen in   f igure  6 f o r  the airplanes flm in the   ini t ia l   invest igat ion.  
Also shown is  the  effect  of increasing  f lap  deflection from 380 on the  
standard  airplane t o  5 5 O  on the  suction-flap  airplane.  This comparison , 

i s  of in te res t ,  but because  of the  undesirable  features that w e r e  pre- 
viously  pointed out as   exis t ing on the  standard F-%A-1 alrplane, it is 
not considered as r e l i ab le  as those made between the various boundary- 
layer control  configurations. The l i f t  coefficient  corresponding  to  each 
p i l o t ' s  approach $ F e d  has been shown on these  curves in order t o  fndicate 
the  range of angles of a t tack be- used. - 

The opinions of each of the 16 evaluat ion  pi lots ,   re la t lng to the 
s t a l l i n g  and landing-approach character is t ics ,  as indicated  emlier ,  may 
be found in   t ab le  I. The s t a l l   d a t a  have  been  condensed and compiled 
into table  11, while a campilation of the minimum comfortable  approach 
speeds (or over-the-fence  speeds) chosen by each p i l o t  is given i n  
table  111. Comparative f igu res   a r e   l i s t ed   shmng   t he   e f f ec t s  of suction 
alone and of increased  flap  deflection, as well as comparisons with  the 
standard  airplane. While considerable variation existed In the  individual 
p i l o t ' s  choice of the  minimum, comfortable  approach  speed, it is fe l t  
that   the  

The 
speed is 
required 
figure 7 

c 

decreases in approach  speeds  noted are valid. 

primary  remon  given by each p i l o t  for choosing his approach 
given in t ab le  I T  for each c o n f i w a t i o n  flown. Curves of th rus t  
f o r  level   f l ight   pf-ot ted against airspeed are presented €n 
fo r  those configurations f l k  i n . t h e  i n i t i a l  bves t iga t ion .  



The average  approach apeed  chosen by the  pi lote  is shown 011 these  curves 
t o  enable compmison wlth  the minimum-thrust-required  speed. 

The relationship between approach  speed and s t a l l i ng  speed for the 
configurations flown-in the initial phase are  presented below. 

Configuration 

I 

I1 

111 

Suction-flap  airplane 
Suction off 
Suction on 

Suction  leading-edge  airplane 
Suction off 
Suction on - 

Later  Investigation 

The lift versus  angle-of-attack  data far the additional  suction- 
flap  configurations (IV through VIT) f l w n  i n  the la ter   invest igat ion 
are  presented in figure 8. The pilot-opinion  data for these  configu- 
ra t ions are included  in  table V. (A lso  included fo r  comparison are   the 
data  from the lnitfal  phase f o r  the four p i lo te  who flew a l l  configu- 
ra t ions.)  The r a t io s  of approach  speed t o  stalling speed are shown i n  
this   table   for   these  pi lots  and a l l  configurations flovn. 

The primary  reason  given by each of these pilots for   l imi t ing   h i s  
approach  speed was e v e n  in  table  IV, along  with  the  reaeons  given  in 
the initial phase.  Thrust-required  versus  airspeed  curves are presented 
i n  figure 9 for the  suction-flap  airplane  wlth  leading-edge elate ,  and 
with e i ther  a 55O plain f l a p  or a 640 plain f l a p .  The relationship 
between pilot-approach  speed and the speed fo r  minimum thrust required 
is shown In figure 10 f o r  a l l  configurations flown. 

DISCUSSION 

There is a wide variety of factors which may be- considered by a 
p i l o t  a8 affecting  hfs-choice of minimum camfortable  approach  speed. It 
i s  possible, and often the  case,  that  several  factors axe present  for 
one airplane, making selection of a single prim&y reason  diff icul t  

.. . 

a 
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because of complex interrelationshipa.  An attempt has been made here, 
however, to  isolate  those  factors  considered of  primary  importance by 

t the   p i lo t s .  

Examination of t ab le  N indicates that reasons  assigned by the   p i lo t s  
for   l imit ing  the approach  speed of the  various  airplanes can be divided 
in to  three categories, as follows: 

, - f l  
A. Reasons associated with s ta l l  character is t ics :  It w m l d  be 
expected that on &planes  lfmited  by  this  characterist ic  the 
most direct  influence on the  approach speed would r e s u l t  frm 

I cw 

ix 
an increase in  CLmax o r   ~ p r o v e a e n ~ s   i n   t h e   s t a l l i n g  charac- 
t e r i s t i c s .  

B. Reasons associated  with  attitude  or visibility limitations:  
It would be expected that on an airplane limited by t h i s  charac- 

. 

t e r i s t i c   t h e  most direct   influence on approach  speed would r e s u l t  
from an increase in l i f t  a t  a t t i tudes  below Cb,. 

C .  Reasons associated with longitudinal  control,   that  is, a b i l i t y  
to   con t ro l   a l t i t ude  or flight path: A number of factors  influence 
this   chaxacter ie t ic .  One expected t o  be of primaxy importance, 
which w a s  varied on the test airplanes, was the   var ia t ion of L/D 
with a. This variation is most evident from t he  flight data  by 
the change in the shape of the  curve of thrust required  for  
steady  level fught versus speed ( f ig s .  7 and 9 ) -  

It is of interest t o  examine the above l i s t ed   mt i c ipa t fons  i n  campar- 
ison  with  the approach speed  deyements  realized from the two d i f fe ren t  
types of  boundary-layer  control. 

The F-86F with boundary-layer control  applied  to the leading edge 
falls def in i te ly  into Category A with suction off, since C b a  XaB 

less than that of any of the configurations tested ( f ig .  6(b)) and 
table IV shows that 13 of the  l6 p i l o t s  who flew t h i s  airplane  lfmited 
t h e i r  approach  speed  because of proxfmity t o   t h e  s ta l l  ar yaw. The 
application of leading-edge  boundary-layer control t o  the F-86F increased 
Ch by 0.60, and the  corresponding stali speed w a s  reduced 22.2 knots. 
A8 a resu l t ,  only one p i l o t  tended t o  consider  proximity t o   t h e  stal l  a 
limiting  factor  although 3 were influenced by  poor stall cha;racteristics. 
The average reduction in approach  speed was 20.2 knots, only a l lgh t ly  
less than  thereduct ion i n  Vs. From the   p i lo t s '  comments it is  apparent 
that a new limiting factor was Introduced, a t t i t ude  or  v f s f b f l i t y  (Cate- 
gory B), which prevented  the  full   uti l ization of the  c h u  increment. 

of a t tack fo r  CIsnax by as much as loo, only 5' of this   increase was 
actually  used. 

- Thus, although leading-edge boundary-layer control postponed  the,anRle - 
- 



Flight  of this airplane  with  boundary-layer  control  operating  also 
revealed an undesirable  characteristic.wbich may be pertinent-in  the  use 
of  any type of boundasy-layer  control that requires maintenance of con- 
siderable  parer  for its operation. When making sinking-type  approachee, 
the   p i lo t s  found it Fmpossible t o  s l o w  up below l l 5  knots  wtthout  reducing 
engine rpm below that  required  to  maintain  adequate  boundary-layer  control. 
With the  carrier-type approach, t h f s  was not a problem as approximately 
80-percent rpm was required in t h i s  approach, and a significant  increase 
i n  C b a x  was available as shown i n - f igu re  6. 

The F-86A wlth  boundary-layer-control  flaps  does  not  present as 
clear-cut a case as doe8 the F-m. The 16 p i lo t s  who f l e w  this   a i rplane 
were almost evenly  divided in their  reasons for Zfmiting  approach  speed 
with  boundary-layer  control  inoperative: .7 considered  proximity t o  the 
s ta l l  (Category A) the  l imiting  factor;  5 considered v i a i h i l i t y  and att i-  
tude  (Category B) the  l imiting  factor;  and 6 considered  the  longitudinal 
control (Category C )  the  limiting  fact-or. . . 

On the  basis of the resul ts   presented  in   f igure 6(a) it would be 
expected that application of boundary-layer  control t o   t he   f l ap  would 
tend t o  be relieving with respect ta a t t i t ude  and v is ib i l i ty   ra ther   than  - 
stall  speed (a  AVs of only 1 knot). The p i lo t s '  cammenta are  consistent 
with  these changes in that,  with  boundary-layer  control  operating,  only 
two considered  the  attitude or v i s ib i l i t y   t he  Limiting  factar. The aver- 
age decrease  in the approach  speed was 5.9 knots.  Closer  examination of 
t h i s  average, however, reveals   that   the   pi lots  who previously  coneidered 
Category B or  C -I;he-.llmiting factor  benefited most frm the operation of 
boundary-layer  control to   the  extent  of a 7.9-knot decrease. The p i lo t s  
who previously had considered proximity t o   t he   s t a l l   t he   l imi t ing   f ac to r  
benefited the leas t   to   the   ex ten t  of 3.0 kbots. Thus, despite  the  lack 
of any dominant l imiting  factor otl this airplane,  there i s  a consfstent 
relationship between the  effect  of aerodynamic change and the  factors  
which the  indlvidud  pilot   considered limiting on choice of approach 
speed. 

The aerodynamic factors  which influence  the  ease  wlth which the a t t i -  
tude  or  flight  path of the  airplane c a  be. controlled are more camplex 
than  the Category A ana B limitations.  However,  on all but one of the 
configurations tested, the  average minimum approach  speed  chosen bears 
a consis tent   . re la t ionship  to   the speed for minimum thrust  ( f igs .  7, 9, 
and 10). Far a l l  cases except that  with  leading-edge  boundary-layer 
control on ( flg. 7( b) 1, the minimum approach spe-e+- l ies .  a l igh t ly  above 
the speed for  minFmum thrust required. In' this m e  case, however, the 
f la tness  of the  curve -In thie  region makes the minimum-thrust point much 
less  clearly  defined. This relationship  possibly  reflects  the pilOt8' 
re luc tance   to   f ly  on the  "back side" (below speed for  minimum thrust) of 
the  thrust-required  versus  speed  curve. It can .be  reasaned that, a t  
speeds below t h i s  minimum-thrust point ,   the   abi l i ty   to  flare or arrest 
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sink rates deter iorates  below the minimum acceptable to the   p i lo t  and 
tends to result in  his se t t i ng  hfs spproach  speed  accordingly. This sur- 
mise is not expl fc i t ly  borne  out by the   p i lo t s '  comments, but ft w i l l  be 
observed from table  V that  the  decreases i n  average  approach  speed due t o  
boundary-layer control on the   f l ap  are related very closely  to   the  cor-  
reepogding  decreases in speed fo r  minimum thrust required. It is note- 
worthy tha t  the research p i l o t s  (K, L, M, and N) who had the  most 
opportunity t o  f l y  the test airplanes, w e r e  consistent in  noting Cate- 
gory C as the  primary  l imiting  factor  establishing  the approach  speeds 
on all the  flap  boundary-layer-control  configurations.  Category C i a  
also  considered as the   l lmit ing  factor  for the  standard ~ - 8 6 ~ 4  by 7 out 
of 12 .p i lo t s .  

9-P the  additional  configurations flown havlng f l a p  boundary-layer 
control   (see  table  V), it is of interest to note that canfiguration ?X, 
(C.L.E. no fence) had an unsatisfactory roll-off at  the  stal l  but fell 
i n  Category C ra ther  than Category A. Configuration V, having  excellent 
s ta l l  character is t ics ,  was a lso  Lfmited by Category C and WE generally 
considered  the most desirable  configuration flown, although it did not 
r e s u l t  in any appreciable  decrease in approach  speed  over  ConfiguratianIV. 

the  f lap  def lect ion to 64O, but  the  increased drag resul ted in less 
desirable wave-off character is t ics .  

A s l igh t ly  greater decrease in approach  speed resul ted from increasing 

CONCLUDING REMARKS 

Evaluation flights by 16 p i lo t s  of an F-86F airplane equipped  with 
an area-suction lead- edge and an F46A-5 equipped w i t h  an area-suction 
flap  indicated  significant  reductions in the mfnimum canfortable hudtng- 
approach  speed were possible  with  addition of boundary-layer control. 
Leading-edge boundary-layer control  was most e f fec t ive  in providing a 
large  reduction in both  stalling  speed and approach  speed  together wtth 
an increased margln of l i f t  f o r  flare and maneuvering during the  approach. 
Further  reduction in approach  speed w a s  l imited prfmarily by v i s i b i l i t y  
and att i tude  conaideratime. While f l ap  boundmy-layer control  reduced 
the stall  speed only slightly, it reduced-the  airplane  att i tude  required 
t o  obtain a given l i f t  and therefore  affected  reduction i n  approach spee 
for   those   p i lo t s   g iv ing   v i s ib i l i ty  and a t t i t ude  or  longitudinal  control T. 
as t h e   B i t i n g   f a c t o r .   A l t h o d  each  boundary-layer-control  application 
resul ted i n  a favorable change -In the  shape of the  thrust-required  versus 
speed.  curve (a reduction in  speed f o r  minimum thrust required),  the 
suction-flap case w a s  most indicative of a close  re la t ionship between the 
limitation of longitudinal control (o r  a b i l i t y  t o  cantrol   a l t i tude  or  

minimum thrust   required.  The pilots' re luctance  to  fly belaw the  speed 
fo r  mfnimum thrut therefore  appews  associated  with  the loss in longi- 

- f l ight   path) ,   the  pilot's m f n i m  approach  speed, and the a p e d  f o r  

- tudinal control and a b i l i t y  t o  control  altitude or f l ight   path.  



Additional  research on a variety of aircraft should  be  carried out i n  
order t o  relate the primary l imitation on' approach speed established by 
t h e   p i l o t   t o  aerodynamic character is t ics  of each  airplane. 

Ames Aeronautical  Laboratory 
National Advisory Comnittee for Aeronautics 

Moffett  Field, C a l i f  ., IVov. 14, 1955 
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'PAIJLE I.- PILOTS' C("BKt9 RELATING TO STALL AND APPROACH CHARACTERTSTTCS 
(a) Configuration T: Standard F-86A-1; 380 flap; slats 
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T m  I. - PILOTS' CO"F,NTS RELATING TO STALL AND APPROACH CHARACTERISTICS - Contlnued 
(b),Configuration IT: F-&A-5; 55' suction f l ap ;  C.L.E. plus fence 
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ThBLE I .- PILOTS' COMME~TB FXLATING TO S T U  AND APPROACB CWTERISTICS - Continued 
(b) Cmiguration 11: F-MA-5; 55' suction flap; C.L.E. plus fence - concluaea 
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TABLF I .- PIXITS' C-S RELATING TO STALL AM3 APPROACH CHARACTWTSTICS - Continued 
(c)  Configuration 111: F-86F; 38O flap; suction leadlng e'dge 
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TABLE I.- PILOTS' CaMMEmTS RELATING TO STALL AND APPROACH -1BTTCS - Concluded 
( c )  Configuration 111: F - W ;  38' flap; suction leading edge - Concluded 



TABLE 11. - STAU DATA - LANDING-APPROACH CONFIGURATION P m 
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TAXE V, - CWIIATION OF CALIIWPITED LANRING-APPROACH AIRspF;ED DATA ON COWIGURIITIONS FCR THE 
PTI#TS FLYING THE COWLEI% EVKUTATIONS 
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Figure 1. - Standem¶ F a - 1  alTplane. 
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Figure 3.- The F-86A-5 airplane equipped rlth 640 suction f l a p ,  cambered leading edge glue  fence. 
(Diffber, graded porous material, ana other improvements added.) 
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Figure 4. - The F-86F airplane equipped with a suction leading edge. 
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Flgure 5.- Flight-determined airepeed  calibration curves for the test 
airplanes. 
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Figure 6.- Lift coefficienkversus angle of attack for  the teat air- 
planes wtth  values corresponding to individual pilot'e approach 
speed shown. 
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i P Suction off, approach power, 38" flap 
"-m"- Suction on, approach power, 38" f lap 
"- Suction on, wave-off  power, 38" f lap  

Average  approach  speeds 
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3200 
55" plain  flap,  cambered  leading  edge plus fence; W/S 42.6 Ib/sqft 

0 Average pilots approach  speed ( 4 pilots,  from  table X) 
- Do., _ _ _  - - - - - - - - - (16 pilots, from  table E)  n d 
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80 90 100 ' . 1  .I IO I20 I30 I40 I50 

Airspeed,  knots 

(a) Suction-flap airplane. 

Figure 7 . -  T h r u s t  required  versus airspeed for  the test airplanes; flap and gear down; speed 
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(b) Suc t lon  leading-eage airplane. 

Figure 7.- Concluded. 
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(a)> The 55O plain flap. 

Figure 8.-  Lift coefficient versus angle of attack for the improved 
suction-flap airplane with severa.ll.eading-e&ge  configurations 
with values corresponding t o  average p i lo t s ' .  approach  speeds shown - 
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(b) The 64O plain flap. 

Figure 8. - Concluded. 
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0 Average pilots approach speed 
0 Minimum  thrust required 
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(a) The 5 5 O  plain flap, slatted leading edge. 

Figure 9.- Thrust required for  l eve l  flight versus airspeed for the improved suction-flap 
airplane with several leading-edge configurations, f lap and gear down, speed brakes out; 
W/S = 42.6 pounds per square foot . 
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Airspeed, knots 

(a) The 6 4 O  p l a i n  flap, cambered lea8h.g edge with fence, 

Figure 9.- C d X h U e d .  
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0 Average  pilots  approach speed 
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(c) The 64' plain flap, slatted  leading edge. 

Figure 9.- Concluded. 
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0 Standard airplane, 38O slotted  flap,  slatted leading edge 
u Suction flap  airplane, 55" plain flap, C.L.E. plus fence, suction off 
d Do . - __________________________  (suction on) 
0 
6 

Do. _ _ _ _ _ _ _ _ _ _  _ _ _  - slatted leading edge,  suction off 
Do . - _ _  _ _ _ _ _ _  - _ _ - _ _ - _ _ _ _ _ _ _ _ ( s u c t i o n  on) 

d 
Do.- _ _ _ _ _  64" plain flap GLE. plus fence, suction off 
Do. - - - _ _ _ _ _ _ _ - - _ _ _ - _ _ _ _ _ _ _ - ( s u c t i o n  on) 

b Do. - _ _ _ _ _ _ _ _ _ _ _ _ _ _  slatted leading edge,  suction off  

A 

Do. - _ - _ _ _ _  - _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  lsuction on) 
b Suction leading edge airplane, 38O slotted flap,  sucfion off 

. . *  

Do . ____________  - ______ (suction on) 
h Data from 16 pilots 
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Speed for minimum thrust required, knots 

Figure 10.- Pflots' approach speed versua speed for minim thrust 
required (pi lots  R, L, M, N except as noted). 
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